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TECHNICAL NOTE
New technique to assess hypoxia-induced cell injury in
individual isolated renal tubules
ANDREAS KRIBBEN, JACK F.M. WETZELS, ERIC D. WIEDER, THOMAS J. BURKE,
and ROBERT W. SCHRIER
Division of Renal Diseases and Hypertension, Department of Medicine, University of Colorado School of Medicine, Denver, Colorado, USA
Freshly isolated renal proximal tubules are a valuable model
to study mechanisms of cell injury induced by hypoxia [1], The
extent of cell injury has previously been quantified by deter-
mining the release of lactate dehydrogenase (LDH) and by
measuring cellular adenosine triphosphate (ATP) and potassium
(K) in suspensions of tubules [1, 21. However, the cellular
pattern of hypoxic tubule injury is known to be heterogeneous
and differences in cellular damage between tubules, as well as
within individual tubules, have been described [1]. The present
methods for quantification of cell injury as well as spectofluo-
rometric measurements of intracellular ion concentrations with
ion sensitive dyes (such as for Ca2, Na, H, Mg2) provide
data which represent averages from all tubules in the suspen-
sion. Hence, using tubules in suspension prohibits correlation
of cytoplasmic ion changes with cellular injury occurring in
individual tubules or cells over time. This limitation of studies
using tubular suspensions led us to develop a method for
induction of hypoxic injury and assessment of cell injury in
individual tubules and individual tubular cells.
Methods
Preparation of tubules
Proximal tubules were isolated from kidney cortex of male
Sprague-Dawley rats (200 to 300 g) by collagenase digestion and
isopyknic centrifugation on Percoll gradients as described else-
where [2, 3]. The tubules were suspended in a bicarbonate
buffer gassed with 95% 02/5% CO2 (02-gassed buffer). The
buffer contained (in mmol/liter) 113 NaCI, 5 KCI, 2 NaH2PO4,
18 NaHCO3, 1.6 CaCl2, 1 MgSO4, 5 glucose, 1 sodium lactate,
1 butyrate, and 1 glutamine (pH 7.35 to 7.40 in the presence of
5% C02). This bicarbonate buffer was also used as the perfusate
in the studies described below.
Microperfusion chamber
A customized microperfusion chamber for fluorescence mi-
croscopy was designed and constructed in our laboratory based
on the commercially available Leiden chamber (Medical Sys-
tems Corporation, New York, New York, USA) [4] (Fig. 1). To
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avoid problems with the large dead space and incomplete
mixing associated with the use of a conventional Leiden cham-
ber [5], a rectangular insert was added and the inflow (perfu-
sate) as well as the outflow (suction) lines were moved directly
above the cover slip. A second reservoir facilitated turbulence-
free suction of the perfusate. The flow through the chamber—as
assessed by visualization with a fluorescent dye—was free of
turbulence, which occurs in the Leiden chamber [5]. Also the
dead space was reduced and a complete exchange of the fluid in
the chamber occurred in less than 30 seconds at a perfusion rate
of 2 mI/mm. To avoid contamination with room air, the surface
of the buffer was superfused with the appropriate gas, either
95% 02/5% Co2 or 95% N2/5% CO2. This superfusion occurred
through a separate port introduced below the chamber-cover.
Image acquisition and analysis
The studies were undertaken and analyzed with a customized
imaging system (S&M Microscopes, Colorado Springs, Colo-
rado, USA). The microperfusion chamber was mounted on the
stage of an inverted epifluorescence microscope (Diaphot;
Nikon, Garden City, New York, USA) with a lOx objective
(N.A. 0.30). The tubules were illuminated alternatively by
phase contrast light and by a 75 watt Xenon lamp with a 495 nm
excitation filter (495 DF2O; Omega Optical, Brattleboro, Ver-
mont, USA) and a dichroic mirror with transmission above 580
nm (DM 580; Nikon). Emitted light, collected through the
dichroic mirror, was transmitted through a 620 nm filter (620
DF35; Omega Optical) and imaged onto the face of an intensi-
fied charge-coupled device camera (Genisys Intensifier, CCD72
camera; Dage-MTI, Michigan City, Indiana, USA). The images
were processed through an IBM PC/AT computer using an
image processing program (Image 1; Universal Imaging Cooper-
ation, West Chester, Pennsylvania, USA). The total number of
nuclei was assessed with the membrane permeable nuclear dye
Hoechst 33342 (Calbiochem, La Jolla, California, USA) using a
340 nm exitation filter, a 400 nm dichroic mirror and a 450 nm
emission filter (340 DF2O, 400 DCLP, 450 DF2O; Omega Opti-
cal). To evaluate the redox state of the NADH/NAD system
during normoxia and hypoxia, a 357 nm exitation filter, a 400
nm dichroic mirror and a 450 nm emission filter (357 DF13, 400
DCLP, 450 DF2O; Omega Optical) were used.
Preparation of the tubules to study hypoxia
An aliquot of the tubules suspended in 02-gassed buffer was
pipetted onto a No, 1 glass cover slip, precoated with Cell-Tak
Kribben et al: Hypoxic injury in single cells 465
—*
Stainless steel ring;
Support for glass
(Collaborative Research Products, Bedford, Massachusetts,
USA), which had been mounted at the base of the microperfu-
sion chamber (Fig. 1). The chamber was closed and superfusion
of the 02-gassed buffer in the chamber with 95% 02/5% CO2
was begun. Perfusion of the chamber was not initiated until 10
minutes later to allow the tubules to settle and attach to the
cover slip. The chamber was then perfused with 02-gassed
buffer at 2 mi/mm for 10 minutes, using a peristaltic pump (Cole
Parmer, Chicago, Illinois, USA). Temperature in the chamber,
measured with a thermoprobe (YSI Tele-thermometer, Simp-
son Electronic, Chicago, Illinois, USA), was gradually in-
creased from room temperature, and then kept at 36 to 37°C,
with an air stream stage incubator (Nicholson Precision Instru-
ments, Bethesda, Maryland, USA).
Induction of hypoxia
Hypoxia in the microperfusion chamber was induced by
switching to a perfusate (bicarbonate buffer) pre-gassed with
95% N2/5% CO2 (N2-gassed buffer). Tubing with a low gas
permeability was used (40 cm teflon PTFE and 15 cm Pharmed;
Masterfiex; Cole Parmer, Chicago, Illinois, USA). The P°2 of
the N2-gassed buffer was 10 mm Hg at the entrance to the
chamber, measured by an in-line P°2 electrode (Microelec-
trodes, Inc., Londonderry, New Hampshire, USA). The induc-
tion of hypoxia was confirmed by observing an increase of more
than 50% in the 450 nm fluorescence (357 nm excitation) within
one minute reflecting an increase of intracellular NADH [6]. In
Fig. 1. The microperfusion chamber is made
of lucite and is held by screws to the
microscope stage of the inverted microscope.
The No. 1 glass cover-slip at the base of the
chamber is fixed in place by a stainless steel
ring and rubber gromets (not shown). The tip
of the perfusion port is directly above the
cover glass. Homogeneous perfusion is
accomplished by the oblong, rectangular
shape of the opening in the chamber insert.
Removal of the buffer occurs from the
opposite side of the perfusion port, directly
above the cover glass, via suction from a
separate reservoir, created by removing the
left hand surface of the chamber insert and
providing a connecting trough at the base of
the insert. The chamber also has a gas
superfusion inlet and a gas pressure relief
opening and accommodates a temperature
probe.
control experiments the perfusion was continued with 02-
gassed buffer in combination with superfusion of 95% 02/5%
CO2.
Assessment of hypoxia-induced cell damage
To assess cell damage propidium iodide (P1; 5 g/ml; molec-
ular wt 668, Molecular Probes, Eugene, Oregon, USA) was
added to both the 02-gassed and the N2-gassed buffers [7]. In
preliminary experiments, P1, added to suspensions of tubules in
Erlenmeyer flasks did not induce cell damage as assessed by
LDH release. However, continuous exposure to P1 for 30
minutes did result in a weak staining of all nuclei in each tubule
(Fig. 2A). This staining is likely related to P1 uptake, since it
was blocked at 4°C (Fig. 2B) and markedly reduced in the
presence of the anion transport blocker probenicid (data not
shown). However, within one minute of exposure to P1, a
distinct fluorescence spot appeared in a small number of cells,
representing nuclear staining of damaged cells. Therefore, in all
subsequent studies, the tubules were exposed to P1 for only one
minute prior to each measurement. This was accomplished by
switching perfusate between identical buffers with or without
P1. In tubules exposed simultaneously to P1 and to Trypan blue
(0.1%), the P1 stained cells also did not exclude Trypan blue
(data not shown). Before and at 10, 20 and 30 minutes of
N2-gassed buffer or 02-gassed buffer perfusion, respective
phase images as well as fluorescence images to measure nuclear
P1 staining were obtained. The P1 stained nuclei at each
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Fig. 2. Te,nperature dependence of P1 staining. Representative fluorescence image of proximal tubules, which were stained continuously for 30
minutes with P1(A) at 37°C and (B) at 4°C. (X86).
timepoint were counted. For normalization the total number of
nuclei using the membrane permeant nuclear dye Hoechst
33342 (10 jsg!ml) [8] as well as the area of the tubules was
assessed in each experiment. Both methods of normalization
correlated very well (r2 = 0.996). Because the fluorescence of
Hoechst 33342 interferes with various ion-sensitive dyes, it was
important to establish the correlation between both methods, so
that we could dispense with the use of Hoechst 33342 during
experiments using ion-sensitive dyes. We found 58 1 Hoechst
33342 stained nucleiIl0000 m2 of tubular area (10 experiments
with 20 to 25 tubules each). Therefore, 58 P1-stained nuclei!
10000 xm2 represents significant damage to virtually all cells
and 29 P1-stained nucleiIl0000 tm2 would represent damage to
50% of the cells. To compare the hypoxia-induced cell damage
in the microperfusion chamber as assessed by P1 staining with
LDH release, hypoxia was also induced in tubule suspensions
as described previously [2, 3]. At regular time intervals, sam-
ples of the tubule suspension were placed in the chamber and,
after staining with P1 and Hoechst 33342, fluorescence images
were acquired. Samples of tubules from the same suspension
were also taken at the same time for measurement of LDH
release [2, 3].
Results
Cell injury in tubules in suspension as assessed by P1 staining
correlated with cell injury as assessed by LDH release (Fig. 3).
A phase contrast image of a representative field containing
several tubules at the beginning of an experiment in the microp-
erfusion chamber is shown in Figure 4A. Nuclear staining with
PT is readily detectable in some of these cells of renal tubules
(Fig. 4B). Thus, an entire tubule or individual cells of tubules
may show damage as indicated by P1 staining even at the
beginning of the experiment (Fig. 4B). During hypoxia the
number of cells with nuclear P1 staining increased markedly in
a time dependent manner (Figs. 4 C—E, 6). P1 staining of the
individual cells within the tubules occurred at different time-
points (Fig, 4 B—E). Thirty minutes of hypoxia was also
associated with marked swelling of tubules as shown in Figure
LDH, %
Fig. 3. Correlation of P1 staining and LDH released by tubules in
suspension. In tubules before and after 30 minutes of 02-gassing (A), as
well as after 10 to 30 minutes of hypoxia (0), propidium iodide stained
nuclei (as % of Hoechst 33342 stained nuclei; 20 to 25 tubules for each
point; mean sEM) and LDH release were determined (samples from 3
separate experiments; r2 = 0.94; P < 0.001).
4F. Conversely, continuous perfusion with 02-buffer did not
result in swelling of the tubules, and cellular damage as as-
sessed by the rate of PT staining was much less than during
hypoxia (Figs. 5 A,B, 6).
Discussion
We have developed a method to induce hypoxia and assess
hypoxia-induced injury in individual cells of freshly isolated
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Fig. 4. Hypoxia-induced cell damage in proximal tubules. (A) Phase contrast image before hypoxia; (B—E) P1-fluorescence images of the same field
(B) before hypoxia and after (C) 10 minutes, (D) 20 minutes, (E) 30 minutes of hypoxia; (F) Phase contrast image after 30 minutes of hypoxia
demonstrating cell swelling. Representative images from four similar experiments with 10 fields each. (x86)
renal tubules. Tubules are studied in a microperfusion chamber, we have constructed the chamber to allow rapid exchange of an
which permits visualization of individual tubules by low light 02-gassed buffer for a N2-gassed buffer. Cell damage of tubular
level fluorescence video-microscopy. For induction of hypoxia cells was assessed by application of the method of P1 staining
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Fig. 6. Hypoxia-induced cell damage in the perfusion chamber. Pro-
pidium iodide stained nuclei during hypoxia (•) or 02 perfusion (0)
(mean SEM of 3 separate experiments with 25 tubules each).
which is related specifically to cell damage. Intermittent perfu-
sion with P1 (for only 1 mm), which stains only the nuclei of
damaged cells, is thus necessary to accurately assess membrane
damage. In tubules in suspension, the damage as assessed with
P1 correlated to the damage as assessed by measurement of
LDH release. Nuclear staining with P1, therefore, is a powerful
method for identifying tubule and individual cell damage under
both basal and hypoxic conditions. Freshly isolated, oxygen-
ated tubules show P1 staining in only a few nuclei, and during
continuous oxygenation a few additional nuclei are stained. On
the other hand, hypoxia markedly increases the number of
stained nuclei.
In conclusion, the presented results demonstrate that hy-
poxia can be induced in a microperfusion chamber on the
microscope stage, and that assessment of cell damage with P1
should permit studies of intracellular ion changes during oxygen
deprivation in single cells of individual renal tubules specifically
in relation to hypoxic injury.
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[7]. P1 rapidly enters cells with permeable plasma membranes,
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